An accurate estimate of interfacial stresses in multi-layered microelectronic packaging is very important for design and prediction of delamination-related failures. An analytical model for stress analysis of multi-layered stacks, which is based on an extension of ValisettyÕs model (Bending of Beams, Plates and Laminates: Refined Theories and Comparative Studies, Ph.D. thesis, Georgia Institute of Technology, Atlanta, March 1983), is proposed in this paper. This analytical approach considers each layer as a beam-type plate with orthotropic material properties. A new miniature material testing unit is developed. High sensitive Moir e e interferometry was used to measure the strain field in the bimaterial interfaces. The test data is in good agreement with the proposed analytical solution. The problem is also analyzed by a finite element analysis. Comparison of all three results indicates that the analytical procedure is far superior to finite element analysis for this problem.
Introduction
Many researchers studied the failure mechanisms in multi-layered microelectronic packaging. An extensive literature survey on the subject is presented by Basaran and Zhao (2001) below some of these papers are highlighted. Delamination-related failures are the main problems at interfaces near the free edges. An accurate estimate of interfacial stresses is needed for predicting the delamination failures. Many investigators gave the numerical solutions for layered free edge problems. Pipes and Pagano (1970) analyzed this problem with finite difference method. Wang and Crossman (1977) gave the finite element solution for the same problem. Wang and Dixon (1978) extended Galerkin procedures. In addition, various studies (Lo et al., 1977a,b; Levinson, 1980; Bert, 1984; Cho et al., 1987 ) of higher-order plate theory have been reported since Reissner (1975) introduced higher-order forms for longitudinal and transverse displacements.
International Journal of Solids and Structures 40 (2003) [3331] [3332] [3333] [3334] [3335] [3336] [3337] [3338] [3339] [3340] [3341] [3342] [3343] [3344] [3345] www.elsevier.com/locate/ijsolstr Cho et al. (1987) used higher-order theory in each layer separately which resulted in good agreement with PaganoÕs exact elastic-theory solution for a composite laminate in cylindrical bending (Pagano, 1969) . Hayashi (1967) presented the first analytical model that focused on the computation of interfacial shear stress. Hayashi model was based on the implicit assumption that the in-plane stresses within a given layer are independent of the thickness coordinate. Chen et al. (1982) took a very different approach, which satisfied the boundary conditions at the free edges of a laminated beam. The analysis was based on twodimensional elasticity theory and the variational theorem of complementary energy (Washizu, 1968) under the assumption of linear distribution of longitudinal normal strain through the thickness of each layer. A similar approach was applied by Williams (1985) and showed good agreement with Chen et al. (1982) . Bogy (1968 Bogy ( , 1970 , Hein and Erdogan (1971) and Yin (1991) discussed stress singularities at the interfaces near the free edges. Such stress singularities cannot be directly determined by the standard elastic finite element analysis alone. Asymptotic analysis is needed around the junction point to determine the stresses in the near-tip stress field (Lee and Jasiuk, 1991; Asaro, 1988, 1989) . Asaro (1988, 1989) studied elastic-plastic analysis of cracks on bi-material interfaces, where they showed mesh dependence of finite element analysis and necessity of asymptotic analysis. In real life, such stress singularity (1=r) cannot exist, physically. Once the stress level reaches the yield strength of the material, ductile materials yield and brittle material cracks and stress is re-distributed to neighboring points. Basaran and Zhao (2001) have shown that when damage mechanics based elastic-viscoplastic material models are used in finite element method stress singularity ceases to be a significant issue. Pagano (1974 Pagano ( , 1978 firstly employed the ply mechanics technique to analyze composite laminates. Each layer (or a sublaminate) is treated as a homogeneous body in equilibrium independent of the laminate. The refined engineering theories (Valisetty and Rehfield, 1983; Valisetty, 1983; Rehfield and Valisetty, 1984) for homogeneous plates and laminated plates provided another alternative for the layer or sublaminate models.
This paper is an extension of the model proposed by Valisetty (1983) with emphasis on the stress behavior along the interfaces due to uniformly distributed loading. The primary common drawback of the proposed models is that none of them have been verified by test data on an actual microelectronic package. The model proposed in this paper has been verified in the lab by using a high sensitivity Moir e e interferometry. Testing was conducted on an actual microelectronic Ball Grid Array package.
Formulation of analytical model
Consider an N -layer laminated beam-type plate as shown in Fig. 1 . A summary of the basic equations for generic ply is given as follows. The overall equations of equilibrium and the constitutive equations for the beam-type plate theory will constitute a set of 8N equations in terms of a number of variables (2N displacements, N rotations, 3N force resultants, and 2N moment resultants). This set is supplemented by an additional 2ðN À 1Þ equations, which are necessary for the simultaneous solution of 2ðN À 1Þ interfacial stresses, if the displacement continuity is enforced at ðN À 1Þ laminar interfaces. Among this set of equations the force-resultant and moment-resultant variables can be eliminated with the aid of constitutive equations; these eliminations leave a set of ð5N À 2Þ coupled differential equations to be solved for 2N displacement variables, N rotations, and 2ðN À 1Þ interfacial stresses.
Neglecting body forces, body moments and all derivatives with respect to X 1 , we can write the following force and moment equilibrium equations for each layer using the stresses in kth layer:
where comma identifies differentiation w.r.t. the axis number after the comma. Superscript k identifies kth ply. The difference in interfacial stresses between layers k and k À 1 yield the stress imposed on each layer, which can be given by,
where N 2 , M 2 , Q 2 are, respectively, the force, moment, and shear resultants per unit width of the plate, associated with the X 2 coordinate direction, and n 2 , m 2 and q are the load intensities for each layer related to interfacial stresses. N 2;2 , M 2;2 , Q 2;2 are, respectively, the derivatives of N 2 , M 2 , Q 2 with respect to X 2 . The semi-thickness of the kth ply is c k . Superscript k, which identifies the generic ply, will be dropped in the subsequent equations for convenience.
Most microelectronic packaging have orthotropic material properties. Moreover the loading is usually in the form of a thermal gradient or uniformly distributed loading. Hence we modify Valisetty beam-type plate model to introduce uniformly distributed loading and thermal gradient. In constitutive relations we also modify the coefficients C ij and C i to introduce the orthotropic material properties. As a result we obtain the following constitutive relations:
ð5a; b; cÞ where
C ij is the stiffness coefficients of orthotropic materials, a j , coefficient of thermal expansion of kth layer in direction j, DT , thermal gradient, U , W are the displacement components in the x 2 -and z-direction, respectively, at z ¼ 0 surface and U 2 is the rotation of a normal to the reference surface (z ¼ 0). Solution of the differential equations for the classical plate theory with beam-like behavior assumptions yield the following stress and displacement distribution equations:
ð7a; b; cÞ where
r 1 is the normal stress in the x 1 -direction in any layer, r 2 , normal stress in the x 2 -direction, in any layer, r 2z , shear stress in the x 2 -z plane, r zz , transverse normal stress in the thickness coordinate z-direction, peeling stress.
ð9a; bÞ where w, u 2 are the displacement components in the z and x 2 coordinate directions respectively.
Verification of the model
In order to verify the analytical model, an actual microelectronic Ball Grid Array (BGA) type microprocessor package is used. Fig. 2 shows the picture of the actual package used in this study. The first layer is BT substrate, the second layer is eutectic Pb/Sn solder, and the third layer is silicon die. The width of the specimen is 7.04 mm. High sensitivity Moir e e interferometry was utilized to measure the strain field in the package. The geometry of the idealized model is shown in Fig. 3 . The specimen was subjected to uniformly distributed load. In order to keep the behavior in elastic region the applied load is very small 0.0388 N/mm. Table 1 shows the orthotropic material properties as well as the dimensions and uniformly distributed load level used in this study. Material properties were obtained using a nanoindenter and by testing the actual package itself. 
Assuming perfect displacement compatibility at the interfaces, the continuity requirement of displacements yields the following equations:
ð10a; b; c; dÞ
There are 10 unknowns and 10 equations. They are
We introduce the following boundary conditions for this problem:
at x 2 ¼ 0:
Using a hyperbolic solution we can obtain the following analytical solutions for this problem (n ¼ x 2 =L): Fig. 4 shows the experimental setup. A miniature material tester unit was developed and manufactured for this project. The testing unit uses DC-Mike Actuator M-235.5DG to apply the force. The actuator can be connected with a computer to control the displacement. The resolution for the actuator is 0.016 lm, and the maximum travel range is 50 mm. It can apply a maximum force of 120 N. There is a loadcell that is used to measure the applied force between the actuator and the specimen. The capacity for the loadcell ALD-SP-UTC-M-F-250 is 125 N. An aluminum block (thickness 9.7 mm) is placed between the specimen and the loadcell to obtain a uniformly distributed loading. We did have to try several different thickness blocks to obtain uniform loading. Moir e e interferometry was very instrumental to see that there is no bending in the aluminum block and load is uniform. Special grease is applied between the block and actuator to prevent the application of lateral load component. Most important feature of this miniature material testing unit is that it fits very easily on an optical table to take real-time data with Moir e e interferometry. Moreover it can be used for testing specimens too small for commercially available miniature material testers.
Experimental setup
Moir e e interferometry is an optical technique for determining in-plane displacements and strains, and features very high displacement sensitivity and spatial resolution. It uses two coherent beams of a laser to generate interferometric fringe pattern that carries the information of in-plane deformation of the object surface. A thin layer of epoxy is applied to the specimen surface to replicate an optical diffraction grating on the surface. The diffraction grating deforms with the specimen surface as the specimen is loaded, and the diffracted light records every detail of the deformed lines of the grating and hence records the deformation of specimen surface. The fringe pattern can be related to in-plane deformation as
where U is the displacement in x-direction, V , the displacement in y-direction, N x , the fringe order from U field, N y , the fringe order from V field and f is the frequency of reference grating, 1200 lines/mm. The resolution of Moir e e interferometry used in this work is 0.417 lm/fringe. Fig. 5 shows the schematic illustration of two-beam Moir e e interferometry to record the N x and N y fringe patterns that depict the U and V displacement fields. Once the displacements are available the total strains are computed by differentiation of the displacement distributions with respect to the two basic directions: horizontal ðxÞ and vertical ðyÞ. The strains are given by Fig. 6(a) shows the initial U fringe field. Fig. 6(b)-(d) show the U fringe field for P ¼ 5:6, 14 and 29.6 N, respectively. Initial V fringe field is shown in Fig. 7(a) . Fig. 7(b)-(d) show the V fringe field for P ¼ 5:6, 14 and 29.6 N, respectively. The P load value is the loadcell registered value. Due to aluminum block the package is subjected to a uniformly distributed load given by q 0 ¼ P =ð2L Â bÞ. It should be pointed out that fringe fields shown in Figs. 6 and 7 are not perfectly symmetric. This is due to the fact that almost all microelectronic packages have initial manufacturing defects such as voids. Moir e e interferometry easily picks up these defects as long as they are larger than 0.417 lm in any dimension. 
Finite element analysis
The present example problem was also analyzed by a two-dimensional FEA using general-purpose finite element code ANSYS with quadrilateral elements under the plane strain condition in the x 2 -z plane. Fig. 8 shows a mesh of elements for this problem. The total number of elements is 8400. This is a fine mesh and yields reasonable results according to an earlier study by Basaran and Zhao (2001) .
Results and discussion
The deflection of the package is shown in Fig. 9 for FEA, test data and analytical solutions, respectively. Excellent agreement is shown with these three methods. Fig. 10 shows the axial normal stress distribution for BT layer along the longitudinal direction for FEA, test data and analytical solutions, respectively. The analytical solution is in very good agreement with FEA, but different from the test data by a difference of 22.4%.
Figs. 11 and 12 show the shear stress distribution along interfaces one and two for FEA, test data and analytical solutions, respectively. Figs. 13 and 14 show the distribution of peeling stress at interfaces one and two for FEA, test data and analytical solutions, respectively. Numeration of layers starts from the bottom.
The distribution of interfacial shear stresses and peeling stresses by the present theory gives good agreement with the results by the experiment. Both quantitative and qualitative values for the results are very close between the experiment and the analytical solutions. On the other hand even though FEA yields qualitatively close results, quantitative FEA results are far off from test data and analytical results. In Figs. 11 and 12 shear stresses monotonically increase and reach the maximum values at the free edge for the analytical approach, but increase firstly then drop dramatically to get to a negative value at the free edge for FEA. In Fig. 13 the peeling stress monotonically decreases and reaches the minimum value at the edge for both analytical approach and experiment, but decreases firstly and then increase near the edge for FEA. In Fig. 14 the peeling stresses monotonically decrease and reach the minimum values at the free edge for the analytical approach, experiment and FEA. The minimum values for peeling stresses are very close between experiment results and analytical solutions, but quite different from FEA. Basaran and Zhao (2001) have shown that linear-elastic FEA suffers from mesh sensitivity for layered composite structures. Mesh sensitivity in layered bi-material structures is due to stress singularity near the free edge. To be able to use FEA for this problem a separate asymptotic analysis is required. On the other hand the proposed method does not suffer from the stress singularity at the edge. Experimental results obviously do not show stress singularity at 0.417 lm resolution. As has been shown by Basaran and Zhao (2001) in real life stress singularity is due to the solution of elasticity equation not a material response where stress reaches infinity. In reality as Moir e e fringes show high stresses at the edge are redistributed to neighboring parts. The agreement between experiments and analytical procedure shows that the present analytical solution is reasonably accurate for estimating the interfacial stresses under uniformly distributed loading.
Conclusions
An analytical procedure based on classical plate theory for calculating interfacial shear and peeling stresses in layered structures under uniformly distributed loading and thermal gradient is presented. The model has been verified for uniformly distributed loading case. This method takes into account orthotropic material properties. The proposed method has been verified by high sensitivity Moir e e interferometry. The analytical results are in good agreement with experiment results. Comparison of analytical, experimental and finite element analysis indicate that no matter how fine the finite element mesh is it cannot capture the actual physical behavior near the free edge even qualitatively. Hence the analytical procedure is much easier to use for this particular problem.
